A microbial surfactant (biosurfactant) was investigated for its potential to enhance bioavailability and, hence, the biodegradation of octadecane. The rhamnolipid biosurfactant used in this study was extracted from culture supernatants after growth of Pseudomonas aeruginosa ATCC 9027 in phosphate-limited proteose peptone-glucose-ammonium salts medium. Dispersion of octadecane in aqueous solutions was dramatically enhanced by 300 mg of the rhamnolipid biosurfactant per liter, increasing by a factor of more than 4 orders of magnitude, from 0.009 to >250 mg/liter. The relative enhancement of octadecane dispersion was much greater at low rhamnolipid concentrations than at high concentrations. Rhamnolipid-enhanced octadecane dispersion was found to be dependent on pH and shaking speed. Biodegradation experiments done with an initial octadecane concentration of 1,500 mg/liter showed that 20%o of the octadecane was mineralized in 84 h in the presence of 300 mg of rhamnolipid per liter, compared with only 5% octadecane mineralization when no surfactant was present. These results indicate that rhamnolipids may have potential for facilitating the bioremediation of sites contaminated with hydrocarbons having limited water solubility.
The bioavailability of an organic compound is a function of its solubility, mobility, and sorption or desorption in the environment. Bioavailability may be the critical limiting factor controlling biodegradation rates for many organic compounds having low water solubility. These compounds resist biodegradation at least in part because of limited transport into cells, as demonstrated by Miller and Bartha (16) in a study of alkane biodegradation. This work showed that transport limitations could be overcome by encapsulation of alkanes (C18 and C36 compounds) into small unilamellar vesicles (liposomes). Encapsulation increased the aqueous dispersion of the alkanes by intercalation of the alkanes into the vesicle phospholipid bilayers, which were approximately 20 to 50 nm in diameter. Furthermore, encapsulation facilitated the delivery of alkanes to bacterial membrane-bound enzymes, most likely via fusion of the vesicles with cell membranes. While the liposome-encapsulated alkanes were efficiently degraded by a hydrocarbon-utilizing Pseudomonas sp., the high cost of encapsulation precludes its use in bioremediation. However, this work suggested that further investigation into methods to increase the aqueous dispersion of recalcitrant compounds is necessary.
Relatively low concentrations of surfactants can also enhance the aqueous dispersion of slightly water-soluble compounds (11) . Surfactants can be synthetic (detergents) but are also naturally produced by plants, animals, and many different microorganisms (24) . A property that all surfactants have in common is that they reduce the surface tension of a liquid medium. For example, distilled water has a surface tension of 73 dyn/cm. An effective microbially produced surfactant (biosurfactant) can lower this value to <30 dyn/cm (12) . The amount of surfactant needed to achieve the lowest possible surface tension is defined as the critical micelle concentration (CMC) . Alternatively, the CMC can be defined as the surfactant concentration at which the concentration of a free monomer ceases to increase and any further monomer added will form micellar structures (1) . In * Corresponding author. the process of micelle formation, the surfactant molecules that aggregate to form micelles have the ability to surround slightly soluble molecules, a process that effectively disperses or emulsifies them into the aqueous phase (21) . The CMCs of biosurfactants typically range from 1 to 200 mg/liter (12) .
We postulated that biosurfactants would enhance the aqueous dispersion of organic compounds having limited water solubility in two ways: (i) biosurfactants would decrease the surface and interfacial tensions in the culture medium, thereby increasing the aqueous dispersion of organic compounds at the molecular level, and (ii) physical biosurfactant interactions with slightly water-soluble organic compounds would increase their aqueous dispersion, the increase below the CMC being due to hydrophobic interactions between biosurfactant monomers and slightly soluble organic compounds (22) and the increase above the CMC being due to biosurfactant encapsulation of slightly soluble organic compounds into micellar or bilayer aggregates. In this report, we quantitate the ability of a rhamnolipid to increase the aqueous dispersion of a slightly soluble model organic compound and to enhance the rate of biodegradation of that model organic compound. The use of biosurfactants is attractive because they are natural products, they are biodegradable, and they have potential for use in in situ remediation.
The biosurfactant used in this study was a rhamnolipid produced by Pseudomonas aeruginosa ATCC 9027. We chose this biosurfactant because (i) it is a glycolipid, which is the most commonly isolated type of biosurfactant (4), and (ii) members of the genus Pseudomonas are common soil microorganisms. A previous characterization of rhamnolipids produced by various Pseudomonas spp. (5-7, 9, 10, 19) indicated that a mixture of rhamnolipids containing either one or two rhamnose residues and two lipid chains is produced ( Fig. 1) (13, 18 (20) . The sensitivity of the surface tension measurements was <1 mg/liter for rhamnolipid concentrations between 0 and 50 mg/liter, and the measurements were found to be reproducible to +0.1 dyn/cm. Rhamnolipid was also quantified by measurement of L-rhamnose by the 6-deoxyhexose method (2). In brief, biosurfactant solutions were treated with 70% sulfuric acid and boiled for 10 min. After the samples had cooled, thioglycolic acid was added to a final concentration of 0.059%. Samples were incubated in the dark for 3 h and then measured spectrophotometrically at 420 nm. Standard curves were prepared with L-rhamnose obtained from Sigma (St. Louis, Mo.).
Effect of pH on surface tension. Rhamnolipid was diluted to 50 mg/liter in 0.1 M pH 7.0 phosphate buffer. The solution pH was adjusted by the addition of HCI or NaOH, and the surface tension was measured at 25°C.
Aqueous dispersion tests. Octadecane (99% pure) was purchased from Aldrich Chemical Co. (Milwaukee, Wis.).
[14C]Octadecane, labeled at the C-1 position (specific activity, 3 .6 mCi/mmol; 98% pure), was obtained from Sigma.
A1propriate amounts of a mixture of octadecane and ['C]octadecane (0.78 g/liter, with a specific activity of 15 ,uCi/mmol for rhamnolipid dispersion tests; 1 mg/liter, with a specific activity of 1.1 mCi/mmol for determination of the solubility of octadecane in water) in chloroform were added to test tubes (16 by 100 mm). The chloroform was evaporated to allow the octadecane to coat the bottom of the test tubes. After evaporation of the solvent, 1 ml of rhamnolipid solution was added. The test tubes were incubated at 37°C in a water bath for 30 s, to melt the coated octadecane and then cooled at room temperature until the octadecane solidified on the surface of the solution. The test tubes were then incubated at 23°C at an appropriate shaking speed. After 24 h, 0.1 ml was carefully removed from the bottom of the test tubes to avoid floating of any particulate octadecane on the top of the liquid surface and was added to 5 ml of Scintiverse BD (Fisher, Pittsburgh, Pa.). Radioactivity was determined with a Packard (Meriden, Conn.) Tri-Carb liquid scintillation counter (model 1600 TR).
To confirm that this method did not exaggerate dispersion results and also to characterize the size of the dispersed octadecane particles, we filtered some octadecane-rhamnolipid solutions through 30,000-or 300,000-molecular-weight (MW)-cutoff membranes (Millipore Corp., Bedford, Mass.) and determined the radioactivity in the filtrates.
Rhamnolipid solutions were prepared in 0. The solvent was evaporated, and 20 ml of mineral salts medium (16) containing rhamnolipid was added to each flask. The octadecane was melted and the flasks were inoculated and incubated as described above. The micro-Fernbach flasks were periodicallyv flushed through a series of six traps to collect '4C02 and 1 C-volatile organic compounds (15) .
RESULTS
Effect of rhamnolipid on surface tension. Figure 2 shows the dependence of surface tension on the biosurfactant concentration. Surface tension decreased rapidly from 72 to 30 dyn/cm with small increases in the rhamnolipid concentration up to 50 mg of rhamnolipid per liter. Further increases in the rhamnolipid concentration only slowly reduced the surface tension from 30 to 29 dyn/cm. Once the surface tension reached 29 dyn/cm, the further addition of rhamnolipid had no effect. The CMC was determined from a semilog plot of surface tension versus rhamnolipid concentration to be 40 mg/liter (data not shown). The data in Fig. 2 were fitted (r2 = 0.968) to an exponential function (see broken curve) which is described by the Dispersion of octadecane in the biosurfactant solution. As shown in Figure 3 , rhamnolipid dramatically increased the aqueous dispersion of octadecane. For instance, in the presence of 50 mg of rhamnolipid per liter, the aqueous dispersion of octadecane was 125 mg/liter, an increase of more than 4 orders of magnitude over the solubility of octadecane in pure water (0.009 + 0.005 mg/liter). The data in Fig. 3 Aliquots of this solution were filtered through 300,000-or 30,000-MW filters. The concentrations of octadecane in the filtrate were 231 + 0 mg/liter in the 300,000-MW filter and 126 + 6 mg/liter in the 30,000-MW filter. These results indicated that all of the octadecane that was measured as dispersed (see Fig. 3 ) passed through the 300,000-MW filter. The size distribution of dispersed octadecane was approximately 55% in aggregates of less than 30,000 MW (Fig. 4) . The surface activity of the rhamnolipid was highest between pH 7.0 and 7.5. As the pH was increased above 7.5, there was a slight decrease in surface activity that resulted in an increase in surface tension from 30 to 32 dyn/cm. After increasing to 32 dyn/cm at pH 8, the surface tension of the solutions remained relatively stable, even at pH 11. On the other hand, as the pH was decreased from 7.0 to 5.0, surface activity decreased significantly, resulting in an increase in surface tension from 30 to >40 dyn/cm. Visually, the rhamnolipid solutions were clear above pH 7.0 but became turbid below this pH. Precipitation of rhamnolipid was not apparent until the pH was decreased below 5.0.
As might be expected given the effect of pH on the surface activity of rhamnolipids, octadecane dispersion in the presence of rhamnolipids was also influenced by pH (Fig. 5) . Maximum enhancement of aqueous octadecane dispersion occurred at approximately pH 7.0, with dispersion decreasing with an increase in pH. Octadecane dispersion also decreased from pH 7.0 to 6.0 but unexpectedly increased again from pH 6.0 to 5.5. Below pH 5.5, experimental error in the measurement of octadecane dispersion became very high because of the precipitation of rhamnolipid.
Rhamnolipid-enhanced mineralization of octadecane. As shown in Fig. 6 , P. aeruginosa ATCC 9027 did not degrade rhamnolipid either alone or in the presence of octadecane, as measured on the basis of protein (Fig. 6A) or rhamnolipid (Fig. 6B) experiments was a mineral salts medium amended with 1.55 g of octadecane per liter. Figure 7 shows the mineralization of octadecane by P. aeruginosa ATCC 9027 in the presence of various concentrations of rhamnolipid. P. aeruginosa mineralized 5.1% of the substrate in 84 h with no rhamnolipid present. Rhamnolipid increased octadecane mineralization to 10 .2% (100 mg/liter), 12.8% (125 mg/liter), and 19.9% (300 mg/liter). Surface tension measurements of the culture supernatants showed that P. aeruginosa ATCC 9027 did not produce rhamnolipid during growth on octadecane in the mineral salts medium. 
DISCUSSION
Rhamnolipid-enhanced dispersion of octadecane. The results showed that a rhamnolipid biosurfactant enhanced the aqueous dispersion of octadecane by more than 4 orders of magnitude, from 0.009 to 320 mg/liter. As shown in Fig. 3 , the dramatic increase in octadecane dispersion seemed to be due to two different mechanisms, one at low (region 1) and one at high (region 2) rhamnolipid concentrations. In region 1, the octadecane/rhamnose ratio was 3.7:1. In this region, octadecane solubility may be due to the rapid decrease in surface tension and/or may be due to hydrophobic interactions between octadecane and the hydrophobic tails of rhamnolipid monomers (22) . Taken together, the results in Fig. 2 and 3 suggest that a lowering of surface tension may be the dominant mechanism by which octadecane dispersion is enhanced at low rhamnolipid concentrations. Examination of these figures shows that the effect of low rhamnolipid concentrations on octadecane dispersion (Fig. 3) mirrors the effect of low rhamnolipid concentrations on surface tension (Fig. 2) . In both cases, low rhamnolipid concentrations have a strong effect on surface tension and octadecane dispersion and increasing rhamnolipid concentrations have a diminishing effect on both surface tension (Fig. 2) and the relative enhancement of apparent octadecane dispersion (Fig. 3) .
At rhamnolipid concentrations higher than the CMC (region 2, Fig. 3 ), the octadecane/rhamnose ratio decreased to 0.3:1, resulting in a slower rate of octadecane dispersion with increasing rhamnolipid concentrations. At these higher rhamnolipid concentrations, increasing octadecane dispersion is most likely due to physical association with rhamnolipid aggregates. The physical interaction between octadecane and rhamnolipids seems to be analogous to the previously described intercalation of octadecane into phospholipid bilayers during liposome formation (16 The effect of pH on octadecane dispersion seems to be correlated with the type of rhamnolipid aggregate that is present in solution. The dispersion of octadecane was highest at pH 7.0 (Fig. 5) , corresponding to rhamnolipids being in a micellar formation. We speculate that in this case, the octadecane was intercalated into the rhamnolipid micelles, which may then have fused with the outer membrane of the cell in a manner similar to that described for the liposome delivery of octadecane (16) . Octadecane dispersion decreased dramatically from pH 7.0 to 6.0 (Fig. 5) In comparison with liposome encapsulation of octadecane by phospholipids, which increased the aqueous dispersion of octadecane by more than 6 orders of magnitude, to 7.5 g/liter, rhamnolipid enhancement of octadecane dispersion to 0.32 g/liter is a modest 4 orders of magnitude (16) . There are several possible reasons for the large difference in the solubilization of octadecane by rhamnolipids and phospholipids. First, the octadecane-rhamnolipid association was driven by a much smaller energy input (shaking) than the octadecane-phospholipid association (sonication). In fact, sonication of rhamnolipid-octadecane solutions does increase octadecane dispersion to levels comparable to those achieved with liposome encapsulation (data not shown). Second, the octadecane/rhamnolipid ratio in biosurfactant experiments (3:1) was higher than the octadecane/phospholipid ratio in liposome experiments (1:1).
Effect of rhamnolipid-enhanced octadecane dispersion on mineralization. The results in Fig. 7 indicate that mineralization rates can be increased significantly by rhamnolipidenhanced octadecane dispersion. The enhancement of mineralization rates was linearly dependent on the rhamnolipid concentration at a statistically significant level (P = 0.05) for the tested range of 0 to 300 mg of rhamnolipid per liter. However, the fourfold increase in mineralization was not nearly as high as the >104-fold increase in the aqueous dispersion of octadecane. Therefore, it is clear that although rhamnolipids increase the dispersion of octadecane, the octadecane is still not freely bioavailable.
A large proportion (45%) of the dispersed octadecane was shown to be associated with aggregates that passed through a 300,000-MW filter but not through a 30,000-MW filter. The remainder of the dispersed octadecane was able to pass through a 30,000-MW filter. Further work will be necessary to determine the optimal aggregate size for biodegradation.
It should be emphasized that these experiments represent a realistic environmental scenario in that the octadecane was not mixed with the rhamnolipid prior to inoculation with P. aeruginosa ATCC 9027. Therefore, initial octadecane dispersion was very low and maximum dispersion was reached only after approximately 10 h. Figure 7 shows that very little biodegradation occurred at any rhamnolipid concentration until approximately 10 h.
The results of this study have exciting implications for the bioremediation of sites containing recalcitrant compounds having limited water solubility. The rhamnolipid used in this study served as an effective dispersion agent, increasing the mineralization of octadecane fourfold in a pure-culture batch experiment. Although shaking was used in batch experiments, rhamnolipids can significantly increase the aqueous dispersion of octadecane to 75 mg/liter even without energy input (shaking). Thus, rhamnolipids may have the potential to facilitate the biodegradation of hydrocarbons in contaminated soil as well as aqueous environments. Future studies are needed to examine (i) rhamnolipid-hydrocarbon interactions with bacterial cells, (ii) the effects of rhamnolipids on the rates of biodegradation of slightly water-soluble organic compounds in soil and aqueous environments, and (iii) the fate of rhamnolipids in the environment.
